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FKURPLF PDWHULDOV VKDSH PHPRU\ DOOR\V DQG PDJQHWRVHQVLWLYH PDWHULDOV0DJQHWRUKHRORJLFDO IOXLGV IRDPV DQG
HODVWRPHUV EHORQJ WR VXFK FDWHJRU\ RI VPDUWPDWHULDOVZKRVH UKHRORJLFDOPHFKDQLFDO SURSHUWLHV FDQ EH UHYHUVLEO\
DQGUDSLGO\FRQWUROOHGE\DQH[WHUQDOPDJQHWLFILHOGRIFHUWDLQLQWHQVLW\ :HLKXD/L HWDO05IOXLGVFRQWDLQV
EDVHRLOLQZKLFKIHUURPDJQHWLFLURQSRZGHUVDUHXQLIRUPO\GLVWULEXWHGDQGLQ05IRDPLVDQDEVRUEHQWPDWHULDOOLNH
VSRQJHRUIDEULFZKLFKFRQWDLQV05IOXLG7KHVH05IOXLGVDQGIRDPVKDYHEHHQVXFFHVVIXOO\XVHGWRIDEULFDWH05
EUDNHV DQG FOXWFKHV%XW WKHVH W\SHV RI GHYLFHV KDYH D FRPPRQ SUREOHPRI VHWWOLQJ RI IHUURPDJQHWLF LQJUHGLHQWV
ZKLFKWHQGWRUHGXFHWKHHIILFLHQF\RIWKHGHYLFHV7KLVSUREOHPFDQEHVROYHGE\XVLQJDVROLGEDVHPDWHULDO OLNH
WKHUPRVHWWLQJSODVWLFRUHODVWRPHUVZKLFKSURYLGHDVWDEOHPHGLXPIRUWKHIHUURPDJQHWLF PDWHULDOVZKLFKDUHFDOOHG
0DJQHWRUKHRORJLFDO HODVWRPHUV $SDUW IURP WKH PHGLXP DQRWKHU PDMRU GLIIHUHQFH LQ05)V DQG05(V LV LQ WKH
UHJLRQRIDSSOLFDWLRQLH05)VDUHRSHUDWLRQDOLQSRVW\LHOGUHJLPHDQG05(VDUHXVHGLQSUH\LHOGVWUHVVUHJLRQ
0DJQHWRUKHRORJLFDO HODVWRPHUV DUH D NLQG RI FRPSRVLWH PDWHULDOV ZKLFK KDV IHUURPDJQHWLF LQJUHGLHQWV LQ
SRZGHUHGIRUPLQVWHDGRIILEUHVDVLQWKHFDVHRIW\SLFDOFRPSRVLWHV%DVHGRQWKHNLQGRIFXULQJWKHUHDUH WZRW\SHV
RI05(V ,IDPDJQHWLF ILHOG LVDSSOLHGGXULQJFXULQJ WKHIHUURPDJQHWLFSDUWLFOHVJHWDOLJQHGDORQJ WKH IOX[ OLQHV
PDNLQJ LWDQLVRWURSLF05(,I WKHFXULQJ WDNHVSODFHZLWKRXWDQ\ ILHOG LW LVFODVVLILHGDV LVRWURSLF05( :KHQ LW
FRPHV WR WKHSUHSDUDWLRQRI05(V WKHUH DUH ORW RI SRWHQWLDOPDWHULDOV IRU EDVHPDWHULDOV OLNH1DWXUDO UXEEHU DQG
V\QWKHWLF UXEEHUVOLNHVLOLFRQHUXEEHUQLWULOHDQGEXW\OUXEEHUDQGVRRQ0RVWUHVHDUFKHUVJRIRU5796LEHFDXVHRI
ZLGHWHPSHUDWXUHUDQJHRIZRUNLQJDQGWKHHDVHRIKDQGOLQJ:KHQLWFRPHVWRWKHFKRLFHRILQJUHGLHQWPDWHULDOV
WKH EDVLF UHTXLUHPHQW LV WKDW LW VKRXOG EH IHUURPDJQHWLF ZLWK YHU\ ORZ FRHUFLYLW\ LHQR UHPQDQW ILHOG ZKHQ WKH
PDJQHWLFILHOGLVUHPRYHG 0DWHULDOVOLNHLURQQLFNHODQGFREDOWRU FRPELQDWLRQRIWKHVHPDWHULDOVLQSRZGHUHGIRUP
FDQEHXVHG%XW WKHPRVWSRSXODUO\XVHGPDWHULDO LVFDOOHGFDUERQ\O LURQSRZGHURIGLDPHWHUDERXWWR PP LQ
VL]H
/,-LDQIHQJ HWDO LQYHVWLJDWHGWKHG\QDPLFGDPSLQJFDSDELOLWLHVRI+796LOLFRQHUXEEHUDQGWKH\IRXQG
WKDWWKH SURSHUW\HQKDQFHPHQWGHSHQGVRQVWUDLQDPSOLWXGHDQGPDJQHWLFILHOGLQWHQVLW\DQGIUHTXHQF\KDGYHU\OLWWOH
LPSDFW <DQFHQJ)DQ HWDO  VWXGLHG WKH LQWHUIDFLDO IULFWLRQDO GDPSLQJSURSHUWLHV LQ FLVSRO\EXWDGLHQHEDVHG
05(E\PDNLQJXVHRIWZRGLIIHUHQW VL]HFDUERQ\O LURQSRZGHUVDPSOHV 7KH\REVHUYHGWKDWVDPSOHVZLWKVPDOOHU
VL]HSDUWLFOH LQJUHGLHQWV KDGPRUHDJJORPHUDWLRQVDQG LW DIIHFWV WKHG\QDPLFSHUIRUPDQFHRI WKH 05(7KH\DOVR
IRXQG WKDW WKH SHUIRUPDQFH LV LQIOXHQFHG E\ VWUDLQ DPSOLWXGH DQG PDJQHWLF ILHOG LQWHQVLW\ % ; -X HWDO 
SUHSDUHG D QHZ W\SH RI 6L EDVHG 05( ZLWK SRURVLW\ DQG WHVWHG LWV GDPSLQJ FKDUDFWHULVWLFV XQGHU YDULRXV LQSXW
FRQGLWLRQV 7KH\ REVHUYHG WKDW WKH 05 HIIHFW LPSURYHG ZLWK WKH PDJQHWLF ILHOG /LQ &KHQ HWDO 
H[SHULPHQWDOO\LQYHVWLJDWHGWKHGDPSLQJSURSHUWLHVRIGLIIHUHQWVDPSOHVRI05(V DQGFRQFOXGHGWKDWGDPSLQJUDWLR
LPSURYHGXSWRDPDJQHWLFILHOGRI7HVODDQGWKHQVKRZHGDGHFUHDVLQJWUHQG
,Q WKH FXUUHQW SDSHU5796LEDVHG05(VDUHSUHSDUHGXVLQJ&,3VRI GLIIHUHQW GLDPHWHUVZLWK HTXDOZHLJKW
SHUFHQWDJHDQGFRPSDUHGZLWK WKHSHUIRUPDQFHRI SXUHVLOLFRQHVDPSOH 7KHVDPSOHVZHUHVWXGLHGXQGHUFRQIRFDO
PLFURVFRSH WR DQDO\VH WKH SDUWLFOH GLVWULEXWLRQ LQ WKH UXEEHU PDWUL[ ,PSDFW RI WKH SDUWLFOH VL]H RQ WKH G\QDPLF
GDPSLQJ K DW GLIIHUHQW PDJQHWLFILHOGLQWHQVLWLHVDUHLQYHVWLJDWHG
1RPHQFODWXUH
05( 0DJQHWRUKHRORJLFDOHODVWRPHUV
05) 0DJQHWRUKHRORJLFDOIOXLG
5796L 5RRPWHPSHUDWXUHYXOFDQL]LQJ6LOLFRQH
+79 +LJKWHPSHUDWXUHYXOFDQL]DWLRQ
&,3 &DUERQ\OLURQSRZGHU
K /RVVIDFWRU
1,3;, 1DWLRQDO,QVWUXPHQWV 3&,H;WHQVLRQVIRU ,QVWUXPHQWDWLRQ
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 0DWHULDOSUHSDUDWLRQ
,Q WKH FXUUHQW ZRUN WKUHH WHVW VDPSOHV ZHUH SUHSDUHG E\ PDNLQJ XVH RI 579 VLOLFRQH IURP'RZ &RUQLQJ DV
HODVWRPHUPDWUL[$QDOXPLQXP PRXOGRIGLPHQVLRQV PP[ PP[PPZDV IDEULFDWHGWRSUHSDUHWKHVDPSOHV
7ZR GLIIHUHQW VDPSOHV RI &,3 VDPSOHV ZHUH XVHG LH  PP DQG PP LQ GLDPHWHU VXSSOLHG E\ &KHQJGX
1XFOHDU&KLQD2QHSXUH6LVDPSOHDQGWZRGLIIHUHQW05(VDPSOHVZHUHSURGXFHGIURPHDFKRIWKH&,3VDPSOH,Q
FDVHRI3XUH6L JUDPVRIUHVLQZDVPL[HGZLWKJUDPVRIFXULQJDJHQW,QERWKWKH05(VDPSOHVJUDPVRI
&,3ZDVPL[HGZLWKJUDPVRI UHVLQ DQGJUDPVRI FXULQJ DJHQWZDVPL[HG $IWHU PL[LQJ WKH FXULQJ DJHQW
SURSHUO\ ZLWK WKH EDVH LW ZDV SRXUHG LQ WKH PRXOG DQG NHSW LQ YDFXXP FKDPEHU WLOO DOO WKH DLU EXEEOHV ZHUH
UHPRYHG$IWHUWKDWLWZDVNHSWIRUFXULQJ IRUDERXWKRXUVDQGWKHQWKHVDPSOHZDVUHPRYHG 7KHIROORZLQJWDEOH
OLVWVWKHVDPSOH FRPSRVLWLRQVRIDOOVDPSOHV
7DEOH 6DPSOHFRPSRVLWLRQV
6DPSOH &DUERQ\OLURQ
SRZGHU JUDPV
6LOLFRQHJUDPV &XULQJ$JHQW
JUDPV
3XUH6LOLFRQH   
 PP05(   
 PP05(   
7KH PLFURVWUXFWXUHVRIWKHVDPSOHVZHUHVWXGLHGXQGHU2O\PSXV&RQIRFDOPLFURVFRSH7KH ILJXUH D VKRZVWKH
3XUH6LVDPSOHDQG ILJXUHEDQGFVKRZWKHPLFURVWUXFWXUHRI PP05(DQG PP05(UHVSHFWLYHO\
)LJD3XUH6LPLFURVWUXFWXUH
D
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)LJE PP 05(DQGF PP05(
,WFDQEHVHHQIURPWKHPLFURVWUXFWXUHSKRWRJUDSKVWKDWWKHGLVWULEXWLRQLVIDLUO\XQLIRUPLQWKH PPVDPSOH
05(DQGWKHVPDOOHUGLDPHWHUVDPSOHKDVPRUHDJJORPHUDWLRQVDVKLJKOLJKWHGE\GRWWHGFLUFOHV
 ([SHULPHQWDOPHWKRGDQGGDWDDFTXLVLWLRQ
7KH VFKHPDWLFUHSUHVHQWDWLRQRIWKHH[SHULPHQWDOVHWXSLVVKRZQLQILJXUHEHORZ 7KH05(ZDVIL[HGWRWKH
VWUXFWXUH DQG WZR IRUFH WUDQVGXFHUV ZHUH IL[HG DW WKH WRS DQG ERWWRP RI HODVWRPHU WRPHDVXUH WKH LQSXW DQG WKH
WUDQVPLWWHGIRUFHUHVSHFWLYHO\$VLQXVRLGDOVLJQDOJHQHUDWHGE\IXQFWLRQJHQHUDWRU1,3;,ZDVDPSOLILHGDQG
IHGWRWKH(OHFWURG\QDPLFVKDNHUWRJHQHUDWHWKHLQSXWIRUFH$VWLQJHU ZDVXVHGWRWUDQVPLWWKHLQSXWIRUFHWRWKH
05(RQO\LQYHUWLFDOGLUHFWLRQ 7KHKDUPRQLF LQSXW H[FLWDWLRQIUHTXHQF\ZDV LQFUHDVHG IURP +]WR+],Q
WKHFXUUHQWH[SHULPHQWPDQXDOIUHTXHQF\VZHHSZDVXVHGLQVWHDGRIVLQHVZHHSWR PLQLPL]HWKH HUURUV ZKLFKFDQ
RFFXU GXULQJ GDWD DFTXLVLWLRQ 0DJQHWLF ILHOG ZDV YDULHG IURP  7HVOD WR  7HVOD LQ VWHSV RI  7HVOD DQG
1HRG\PLXPUDUHHDUWKSHUPDQHQWPDJQHWV ZHUHXVHG WRVXSSO\PDJQHWLF ILHOG$PRGLILHGVHOIFHQWULQJYLFHZDV
XVHG WR YDU\ WKH PDJQHWLF ILHOG /DNHVKRUH *DXVV PHWHU ZDV XVHG WR PHDVXUH WKH PDJQHWLF IOX[ GHQVLW\
$FFHOHURPHWHUIURP.LVWOHUZDVXVHG WRPHDVXUHJYDOXHRIWKHLQSXWH[FLWDWLRQDQG.LVWOHUIRUFHWUDQVGXFHUVZHUH
XVHGWRDFTXLUHLQSXWDQGRXWSXWIRUFHGDWDIRUIXUWKHUDQDO\VLV
+
E F
+
2305 Sriharsha Hegde et al. /  Procedia Materials Science  5 ( 2014 )  2301 – 2309 
)LJ6FKHPDWLFUHSUHVHQWDWLRQRIWKH([SHULPHQWDOVHWXS
 5HVXOWVDQG'LVFXVVLRQV
7RFRPSDUHWKH EHKDYLRURIDOOWKHVDPSOHVWKHWUDQVPLVVLELOLW\UDWLRDFTXLUHGIURPIRUFHWUDQVGXFHUVZDVSORWWHG
DJDLQVWLQSXWIUHTXHQF\7KHSORWVRIWKHWZR05(VDPSOHVDWGLIIHUHQWPDJQHWLFILHOGVZHUHFRPSDUHGWKHEHKDYLRU
RI3XUH6LVDPSOHZKLFKDUHVKRZQLQILJXUHV D DQG E EHORZUHVSHFWLYHO\ 7KHHQKDQFHPHQWLQWKHG\QDPLF
GDPSLQJ K LVWKHFOHDULQGLFDWLRQWKDWWKHDGGLWLRQRILURQSRZGHUVSURGXFHVSRVLWLYHHIIHFWV
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)LJD7UDQVPLVVLELOLW\5DWLR9V,QSXWIUHTXHQF\FRPSDULVRQRIPP05(
)LJE7UDQVPLVVLELOLW\5DWLR9V,QSXWIUHTXHQF\FRPSDULVRQ PP05(
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7KH ORVVIDFWRU RIWKHVDPSOHVFDQEHFDOFXODWHGIURPWKHDERYHFXUYHVE\PDNLQJXVHRIWKHIROORZLQJHTXDWLRQ
75K  
:KHUH K LVWKHORVVIDFWRUDQG 75 LVWKHWUDQVPLVVLELOLW\UDWLRSHDN 7KHORVVIDFWRULVDSSUR[LPDWHO\WZLFHDVWKH
GDPSLQJUDWLR ] ZKLFKLVWKHH[WHQWRIGDPSLQJFDSDELOLW\RIDQ\PDWHULDO3ORWVUHYHDOWKDWDGGLWLRQRILURQSRZGHUV
KDVLPSURYHGWKHGDPSLQJFKDUDFWHULVWLFVRIWKH6LZKLFKLVHYLGHQWIURPWKHUHGXFWLRQLQWKHWUDQVPLVVLELOLW\UDWLRLQ
WKHUHVRQDQFHUHJLRQRIWKHFXUYHV7KH05HIIHFWFDQEHGHILQHGDVWKHUDWLRFKDQJHLQORVVIDFWRUWRWKHORVVIDFWRU
RI3XUH6L

  
6L 6L
7K K K K'   
:KHUH 'K LVWKHFKDQJHLQORVVIDFWRU 7K LVWKHORVVIDFWRURI PP05(DW7DQG
6LK LVWKHORVVIDFWRURI
3XUH 6LVDPSOH 7KHORVVIDFWRUYDOXHVDQGWKHUHVSHFWLYHSHUFHQWDJHHQKDQFHPHQWVDUHOLVWHGLQ WDEOHEHORZ
7DEOH  /RVVIDFWRUYDOXHVFDOFXODWHGIURPWKHWUDQVPLVVLELOLW\SORWV
6DPSOH /RVVIDFWRU LQFUHDVH
7HVOD 7HVOD $EVROXWH 5HODWLYH
3XUH6LOLFRQH   1$
 PP05(    
 PP05(    
)LJ/RVVIDFWRUYDULDWLRQZLWKPDJQHWLFILHOG
7KH PP05(VKRZHGDQLPSURYHPHQWRIDERXWZKHQFRPSDUHGWR3XUH6LVDPSOHDQG PP05(
VKRZHG DERXW  HQKDQFHPHQWV LQ ORVV IDFWRU 7KH ORVV IDFWRU YDULDWLRQ RI WKH VDPSOHV ZLWK PDJQHWLF ILHOG LV
VKRZQILJXUH 7KH PP05(VKRZHGEHWWHU05HIIHFWWKDQRWKHUVDPSOHVLQWKHFXUUHQWVHWRIH[SHULPHQWV
=HURILHOG LPSURYHPHQW LQ WKHSURSHUW\ LVGXH WR WKHFRPSRVLWH OLNHEHKDYLRURI WKH05(VZKHUH WKH&,3FDQEH
DVVXPHGDVILEHULQJUHGLHQWV 7KHSURSHUW\HQKDQFHPHQWRI05(ZLWKWKHPDJQHWLFILHOGLVGXHWRWKHIDFWWKDWWKH
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&,3JHWVDOLJQHGDORQJWKHIOX[OLQHV'XULQJWKLVSURFHVVWKHUHZLOOEHLQWHUIDFLDOIULFWLRQEHWZHHQWKHLURQSDUWLFOHV
DQGWKHHODVWRPHUPDWUL[UHVXOWLQJLQ DQLPSURYHPHQWLQGDPSLQJSURSHUW\ )URPWKHPLFURVWUXFWXUHSKRWRJUDSKVLW
ZDVFOHDU WKDW WKH PP05(KDGPRUHDJJORPHUDWLRQZKLFK UHVXOWV LQDQ LQFUHDVHGHIIHFWLYHGLDPHWHURI WKH
SDUWLFOHV8QGHUWKHLQIOXHQFHRIPDJQHWLFILHOGWKHUHLV D GLSROH PRPHQWIRUPDWLRQEHWZHHQDGMDFHQWSDUWLFOHVJLYHQ
E\WKHUHODWLRQEHORZ ;/*RQJ 
D PP 5 +SP P E 
:KHUH P LVWKHYDFXXPSHUPHDELOLW\ PS LVWKHUHODWLYHSHUPHDELOLW\RIWKHSDUWLFOHV 5 LVWKHUDGLXVRIWKH
SDUWLFOHV DQG    S P S PE P P P P  
)URPWKHUHODWLRQLWFDQEHVHHQWKDWZLWKLQFUHDVHLQWKH HIIHFWLYH UDGLXV EHFDXVHRIWKHDJJORPHUDWLRQWKH
GLSROHPRPHQW LV LQFUHDVHG ZKLFK LQ WXUQ LPSURYHV WKH GDPSLQJ SURSHUWLHV ,W FDQ EH GHPRQVWUDWHG E\ D VLPSOH
GLDJUDPILJXUH
)LJ,QFUHDVHLQHIIHFWLYHGLDPHWHUGXHWRDJJORPHUDWLRQ
&RQVLGHU D VLPSOH DVVXPHG DJJORPHUDWLRQ RI SDUWLFOHV DQG WKH GLUHFWLRQ RI WKH ILHOG DQG WKH GLUHFWLRQ RI WKH
PDJQHWLFILHOG DUH VKRZQZLWKWKHDUURZPDUN,QWKHILUVWFDVHWKHHIIHFWLYH GLDPHWHU LV' ZKLFKLVWLPHVWKDWRI
WKH VHFRQGFDVH2EYLRXVO\ LQ WKH ILUVW FDVH WKHGLSROHPRPHQW LVPRUH UHVXOWLQJ LQEHWWHUSHUIRUPDQFH)URP WKH
PLFURVWUXFWXUHSKRWRJUDSKV LW LV FOHDU WKDW LQFDVH PP05( WKHDJJORPHUDWLRQ LQ WKHGLUHFWLRQRIPDJQHWLF
ILHOG LVPRUH WKDQ WKDW RI  PP05(ZKLFK LV HYLGHQW IURP WKH WUDQVPLVVLELOLW\ UDWLRSORWV2EYLRXVO\ LQ WKH
FXUUHQWVWXG\WKHVPDOOHUGLDPHWHU SDUWLFOHVKDYHVKRZQEHWWHUSHUIRUPDQFH0RUHVWXGLHVDUH QHFHVVDU\ WRFRPHWR
FRQFUHWHFRQFOXVLRQVDERXWWKHH[WHQWRILQIOXHQFHRIWKHVL]HRISDUWLFOHVRQWKH05(SHUIRUPDQFHE\HPSOR\LQJ
GLIIHUHQWVL]HGSDUWLFOHV
 &RQFOXVLRQV
7KHFXUUHQWZRUNZDVDLPHGDWXQGHUVWDQGLQJWKH LQIOXHQFHRI SDUWLFOHLQJUHGLHQW VL]HRQWKHSHUIRUPDQFHRI6L
579 EDVHG05( 7HVW VHW XS ZDV PDGH DQG WKH VDPSOHV ZHUH WHVWHG DW GLIIHUHQW FRQGLWLRQV DQG WKH IROORZLQJ
FRQFOXVLRQVFDQEHGUDZQIURPWKHFXUUHQWZRUN 7KHVPDOOHUVL]HG LURQ SDUWLFOHV VKRZHGPRUHDJJORPHUDWLRQ LQWKH
PDWUL[ %RWKVDPSOHRI05(VKRZHGJRRGHQKDQFHPHQWVZKHQFRPSDUHGZLWK3XUH6L VDPSOH PPGLDPHWHU
05(VKRZHG LPSURYHPHQWLQORVVIDFWRUZKHUHDV  PP05( VKRZHGDERXW7KHDJJORPHUDWLRQLQ
WKHGLUHFWLRQRIPDJQHWLFILHOGZDVIRXQGWREHDGYDQWDJHRXVLQWKHFXUUHQWZRUNZKLFKUHVXOWHGLQWKHVPDOOHU VL]HG
SDUWLFOHVKRZLQJEHWWHUSHUIRUPDQFH7KHUHVXOWVVKRZWKDWWKH5796L05(FDQEHDSRWHQWLDOPDWHULDOIRUGDPSHU
$FNQRZOHGJHPHQWV
7KHWHVWIDFLOLW\IRUWKHFXUUHQWSURMHFWZDVSURYLGHGE\62/9(/DE&HQWHUIRU6\VWHP'HVLJQ 1,7.6XUDWKNDO
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